The survivability of Wave Energy Converters (WECs) in extreme waves is a critical issue faced by developers; typically assessed via small scale physical experiments with considerable uncertainties. Until recently, confidence in the ability of numerical tools to reproduce extreme wave events and their interaction with floating structures has been insufficient to warrant their use in routine design processes. In this work a fully nonlinear, coupled tool for simulating focused wave impacts on generic WEC hull forms is described and compared with physical measurements. Two separate design waves, based on the 100 year wave at Wave Hub and using the NewWave formulation, have been reproduced numerically as have experiments in which a fixed truncated circular cylinder and a floating hemispherical-bottomed buoy are subject to these focused wave events.
Introduction
In order to reduce the Levelised Cost of Energy (LCOE) of wave energy, research directly concerning Wave Energy Converters (WECs) has focused primarily on optimising the response of devices [1, 2] ; the majority of formal design guidance concentrates on the operational conditions of the device [3] . However, 5 this is not always the most critical factor in a design context. Defined by the UK Energy Research Centre [4] as 'the ability to survive predicted and surprise extremes in wind, wave and tidal current conditions, in any combination', survivability has now been identified as a key issue for the marine renewables industry, posing a significant challenge requiring complementary development and 10 underpinning research. Crucial to both the economic and environmental success of a WEC [5] , it is widely accepted that the current design procedures for the operational envelope must be complemented with a second level of design which considers the 'survival envelope' [6, 7] . Long-term reliability and failure rate estimates for WEC components have been attempted, but a lack of available 15 data makes such analysis difficult [8] . Furthermore, few short-term survivability assessments of complete WEC and mooring systems have been completed.
Wave impact, green water and the episodic mooring loads experienced by WEC systems have received very little attention, with the exception of the conceptual criteria proposed by some developers who prioritise survival over power capture 20 ensuring devices feature inherent load shedding and de-tuning capabilities in large waves [9] .
In terms of short-term survivability, it is the sometimes catastrophic impacts from abnormally large, 'freak' or 'rogue', waves which are of most concern to WEC developers. However, current guidelines on the design and operation 25 of WECs fail to provide definitive guidance on how to prepare dynamic, coupled WEC and mooring systems for these discrete events [3, 5] . These events have typically been reproduced via long-term, time domain simulations of extreme, irregular sea states restricting their analysis to physical experiments or numerical models with low CPU demand [10] . Deterministic representations 30 of extreme waves have started to emerge [11] . In particular, the 'design-wave' known as 'NewWave' is referred to extensively in offshore engineering and has become the industry standard for modelling extreme wave interactions with offshore structures [12, 13, 14] . Despite this, the specific wave group combinations responsible for the most severe loads on dynamic structures remain unclear and 35 can, currently, only be found by testing a range of conditions [10, 15] . Uncertainty over WEC survivability, caused by a lack of rigorous design guidelines, a poor understanding of device behaviour in extreme waves and ambiguity over the precise conditions responsible for the maximum load cases, represents an insurmountable risk to potential investors and contributes significantly to the 40 industry's stagnation [4, 16] . If wave energy is to become an affordable part of the energy mix, potential design solutions require a greater understanding of the hydrodynamics and structural loading experienced during extreme events in order to mitigate the risk of device and mooring failure.
The continued increase in the performance-to-cost ratio of modern com- 45 puters has meant that numerical models can now provide the quantitative description required for engineering analysis as well as a means to interpret the fundamental phenomenological aspects of experimental conditions at full-scale that physical tests may not [17] . Consequently, the guidelines on design and technology readiness of WECs state that optimisation of both the vessel and 50 mooring system should typically now be performed on a computer [18, 3, 19] . In cases with highly nonlinear local effects or strong nonlinear interactions between waves and structures, however, there is a lack of confidence in the predictive capability of numerical tools to provide extreme motions and loads on the hull, Power Take-Off (PTO), moorings and anchors. In addition to this, numerical 55 tools capable of including the required full range of physics tend to have excessive execution times making their use in routine design applications prohibitive.
Survival tests are, therefore, considered to be a specialised experimental condition and physical tests are still preferred over numerical models when assessing the seaworthiness of a WEC [3, 19] . Despite this, there remain a number of 60 3 uncertainties surrounding extreme wave loading on full-scale WECs as wave tank survival testing can typically only be performed at small scales (≈1: 50) [17] when larger scales are highly recommended [19, 10] . Therefore, if both the confidence in and the efficiency of fully nonlinear coupled numerical models could be increased, the design and survivability of full-scale WECs could be 65 significantly enhanced.
The aim of this work is, therefore, to develop a computational tool which can provide a reliable understanding of the behaviour of WEC systems under extreme wave loading. In this article, a fully nonlinear Computational Fluid Dynamics (CFD) approach has been used to model the free surface interaction of 70 focused waves with generic WEC hull forms. A systematic, incremental development procedure has been implemented and validated against experimental data to assess the predictive capability of the tool at each stage of increasing complexity. Initially, the propagation of two different dispersively focused NewWaves are considered, then a fixed truncated surface-piercing cylinder is introduced 75 before the interaction of a focused wave with a floating hemispherical-bottomed buoy with a linear spring mooring is simulated.
The Numerical Wave Tank (NWT)
The numerical simulations described in this article are performed within a Numerical Wave Tank (NWT) based on the work of Ransley [20] included in the additional toolbox waves2Foam [24, 25] . An exponential decay function is used as the relaxation weighting factor throughout this study.
In the floating buoy case, a Six Degrees Of Freedom (6DOF) rigid body motion solver is used to simulate the coupled motion of the body. This solver 4 is distributed with OpenFOAM R and allows for automatic mesh motion in a 90 portion of the domain (described by a radial distance parameter) via a moving wall velocity condition and a force calculation on the patch describing the boundary of the body. The position of grid nodes coinciding with the surface of the structure are then updated accordingly at every timestep as is the rest of the mesh based on spherical linear interpolation with a cosine profile in the 95 distancing function [26] .
Design waves (NewWave)
It is now widely accepted that present design procedures for the operational envelope need to be complemented by a second level of design which takes into account the extreme wave spectral parameters and survivability envelope [27] .
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Despite the random nature of the ocean surface, historically, experiments and simulations have been performed using large, deterministic, regular waves, such as 5th order Stokes waves. These are typically based on the most probable, highest wave expected from a three hour sea state with a return period of 100 years (or some other extrapolation of the data based on an acceptable life-time
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for the device) [11] . In general, however, extreme waves are sporadic events embedded within a random sea state making their prediction and reproduction difficult. As a fully nonlinear theoretical model of an extreme wave does not exist, a more realistic alternative to the periodic representation is to simulate the complete, random time history, including the entire spectral and directional
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properties, of the three hour interval. This is typically performed at scale in a laboratory basin [28] . A probabilistic idea of the structural response can then be found by repeating this simulation many times with statistically similar sea states [11] . However, a stochastic analysis of this type is insufficient to capture the local characteristics needed to derive appropriate design criteria and random 115 time domain simulations for extremes are unfeasibly time consuming [29, 27] .
Fortunately, the idea of an extreme wave allows for the notion of a single event with a specific shape, and crest height, η cr , over a single associated period.
Then a convenient 'design-wave' can be constructed to examine the peak surface elevations and loads due to extreme events in a reproducible, deterministic way. In offshore engineering a design-wave known as 'NewWave' is referred to extensively and has become the industry standard for modelling extreme wave interactions with offshore structures [12, 13, 14] . NewWave relies on the dispersive nature of water waves to produce an extreme wave event at a specific point in space and time by combining smaller, sinusoidal components of different frequencies. Retaining the broad-banded nature of extreme ocean waves, the linear NewWave has a shape based on the average extreme in a linear, random, Gaussian sea and is proportional to the auto-correlation function (the Fourier transform of the sea state power spectrum in question) [12] . By discretising this definition into a finite number of sinusoidal components, N , and limiting ourselves to uni-directional seas, a linear, crest-focused wave group then has the surface elevation
where x f and t f are the target position and target time respectively. For a linear NewWave the individual component amplitudes are given by
where S n (ω) is the energy spectrum, ∆ω n is the frequency increment and A cr is the linear crest amplitude given by
where m 0 is the zeroth moment of the spectrum. Equation 3 then ensures a
NewWave model of the largest wave in N waves. It is generally accepted that a three hour sea state has approximately 1000 waves and so N = 1000 [30] .
NewWave has been shown to model the underlying linear part of large ocean 120 waves in both deep and intermediate water depths [31, 32] . It has been shown to outperform traditional 5th order Stokes wave methods when predicting the forces on offshore space-frame structures [29] . However, there still exists some concern over the use of NewWave in shallow water as dispersion has less effect and nonlinearities become significantly more important [33, 34] loads calculated using NewWave with second-order corrections are the same as those derived using the equivalent linear NewWave [29] . Therefore, it is hoped that this simplification will not reduce the applicability of the results produced here when compared to realistic extreme ocean waves.
Validation experiments -NewWave
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The controlled generation of waves for the purpose of experimentation, either physical or numerical, requires the specification of some driving mechanism (wave paddle motion or inlet boundary condition) typically based on a theoret-ical description of the desired wave shape and kinematics. There are a number of wave generation methods possible in NWTs, and in this work an expression-155 based, inlet boundary condition is applied, allowing for wave generation based on a set of generic wave theories [24] . These theories specify the time evolution of the surface elevation, and hence the volume fraction, as well as the vector velocity at each point on the inlet boundary. The mixture pressure (p − ρgh)
on the inlet is then given a zero gradient boundary condition. 
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A NewWave profile is produced, at a wave gauge located some distance from the wave makers, by combining 243 wave components with frequencies uniformly spaced between 0 and 2 Hz and amplitudes generated using NewWave theory. The phases of the wave components are found using a 'trial-and-error' adjustment that accounts for the nonlinear interactions present in the wave 180 propagation and ensures a symmetrical waveform at the point of interest, i.e.
a focused wave [37, 38, 15] . Unfortunately this does not guarantee the precise
NewWave is produced and leaves a number of unanswered questions regarding the kinematics of the wave at the target location. The velocity is then approximated as the linear sum of velocities arising from the linear velocity potential for each component.
NewWave case 1
The first design wave considered is based on the 100 year conditions at 
NewWave case 2
In a second design wave case, another NewWave based on the 100 year event at the Wave Hub site was produced. The experiment, in this case, was water cases require an improved definition of the flow properties at the forward wave gauge position (utilising higher-order wave theories).
Fixed Truncated Circular Cylinder
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Cylinders form the key structural components of many offshore structures and are also often assumed to be a good approximation to many more com- tions involving the interaction of non-breaking waves with offshore structures, but these typically do not incorporate important diffraction effects [29, 40] .
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Furthermore, empirical methods cannot be valid for all flow regimes and scaling results can be problematic.
It was not until much later that nonlinear, interface-resolving models were developed and the hydrodynamics, run-up, and surface elevation in the vicinity 14 of structures investigated in detail. These nonlinear models were motivated by 315 unexpected damage to offshore structures [42] and the observation that, despite preventative design of offshore installations (like TLPs) to limit their response to waves, some loads and motions still take place at the natural frequencies of the structure [43] . In the context of moored WECs, however, these effects are likely to be even more important as the device itself is typically designed to 320 exploit the resonance effects at the natural frequencies.
Kriebel [44] calculated the run-up of a second-order Stokes wave on a largediameter bottom-mounted cylinder using potential flow theory and a secondorder diffraction code. He compared his results against experiments in regular nonlinear waves and found that both first and second-order theory greatly under- have also been employed in similar investigations [42] .
In recent years, the impact of breaking waves on cylindrical structures has become an area of intense research and is likely to be important when considering the survivability of offshore structures due to the additional short-lived 
Validation experiment -Cylinder
To provide validation data for extreme wave loading on fixed, WEC-like structures, a physical experiment was conducted in which a fixed, vertical, truncated cylinder was subjected to the same 100-year wave as that from NewWave case 1 above. In this case the location of maximum surface elevation was ap- 
Results -Cylinder
The run-up and pressure results, compared with corresponding physical re- of Chaplin et al. [48] when assessing the secondary loading cycle and ringing of a vertical cylinder in steep non-breaking waves. Despite the discrepancies in the reproduction of the incident wave, these results are a vast improvement on those predicted by both linear and second-order diffraction theory when applied 435 to steep nonlinear regular wave interactions with a bottom mounted cylinder [44] .
Hemispherical-bottomed Buoy with Linear Mooring
Increasing the complexity of the model, a floating, hemispherical-bottomed, cylindrical buoy with a linearly-elastic mooring has been simulated using the 
Background -6DOF rigid body motion
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In terms of similar research in the literature, full 6DOF motion is rarely considered when simplified dynamics can be assumed instead. For the majority of moored WECs, however, this is not an option as the behaviour of the body, due to wave excitation, is highly dependent on multiple coupled modes of motion.
For example, in their summary of the water entry of a wedge using fully nonlin-460 ear potential theory, Wu et al. [50] showed that asymmetry, horizontal velocity and rotational velocity all have significant effects on the flow and pressure and that there are strong couplings between these three degrees of freedom. Bai and Eatock-Taylor [51] modelled the fully nonlinear radiated waves resulting from the forced oscillation of a truncated cylinder using a high order boundary 465 element method. They found their model to be accurate, efficient and stable.
However, of most interest was their discovery that strong nonlinear interactions exist between the heave and pitch motions. These cause a total run-up, in the combined case, that differs significantly from the linear superposition produced by the two motions independently. 
Numerical setup -Buoy
In this case the buoy is allowed to move in all 6DOF except for a restraint which corresponds to a simple mooring. Assuming the mooring is linearlyelastic, massless and never becomes slack it can be modelled as a linear spring, which obeys Hooke's law,
where F restraint is the force exerted in the direction of a vector from the mooring for a mooring with mass, the direction and magnitude of the restraint force will be altered by the sag in the line and the dynamics of its motion. These two effects have not been considered here.
Results -Buoy
In order to assess the 6DOF motion solver with the constraints removed, 520 an initial test was conducted in which the buoy was released from an elevated position above still water and its heave displacement allowed to decay over time.
This 'decay' test was performed with, and without, the mooring present in order to evaluate the accuracy of the motion prediction and the stability of the solver.
Following this, the buoy was subjected to a focused wave event in which the 525 buoy was positioned at the target location of NewWave case 2 above.
Decay tests
For the decay tests, the buoy was located, in an elevated position, in the centre of the domain, which had a square cross-section in the horizontal plane be a consequence of the additional driving force in the mooring dominating the motion and perhaps restricting additional degrees of freedom from becoming 545 active. It is possible that the 'direction' of the interpolation scheme used could cause a slight asymmetry in the forcing which could excite other modes of motion but this does not seem to be the case here. It was found that the results were highly sensitive to the domain size and the amount of wave absorption, i.e.
the influence of radiated waves reflecting from the domain boundaries, but no 550 improvement on these results could be achieved by increasing the domain size or altering the relaxation zone. A common concern with the dynamic mesh treatment in OpenFOAM R is that large motions cause the mesh to degrade and it has been speculated that artificial mesh 'stiffness' can result from this mesh deformation [26] . In the case of this decay test, the buoy is released with 555 the mesh undeformed and oscillates about its equilibrium state, which has a deformed mesh. This may cause issues that would not otherwise be a problem when the buoy begins in its equilibrium state. However, if this deformation were to be an issue, one might expect the associated error to increase with the displacement of the buoy, but of the two cases in Figure 9 , the moored case has a greater displacement and a better result.
NewWave test
In the focused wave case, the buoy was positioned 5.49 m from the inlet and subject to same 100 year wave event as in the NewWave case 2 above.
The computational domain was 18 m long and had a width of 6 m. The mesh 565 resolution was kept the same as in the wave-only case but expanded to have cubic cells. In addition, a cylindrical region of the mesh, with a radius of 2 m and a depth of 1.5 m, centred on the buoy was refined one level and the region in close proximity to the buoy was refined two levels. For a more quantitative analysis of the buoy's motion response, Figure 11 shows the resulting time series for the horizontal displacement of the centre of mass in the direction of wave propagation (Figure 11a ), the vertical displacement ( Figure 11b ) and the pitch angle of the buoy (Figure 11c ) compared with 580 measurements taken in the physical experiment using the Qualysis motion capture system [15] . As can be seen, the agreement is very good until after the main wave crest has passed, when the discrepancies are believed to be due to reflections from the end and side walls of the NWT. The motion of the buoy has been captured very well; the phase of the motion response matches that of 585 the physical buoy, apart from a slight delay in the heave motion (Figure 11b) , and both the peak heave and surge displacements are within a few percent of 
Conclusions
The computational tool developed here is capable of reproducing a design wave based on the 100 year event at the Wave Hub site. The reproduction does however appear to be particularly sensitive to the quality of the prescribed wave-615 maker boundary conditions and there is still some concern over the use of linear superposition to generate highly nonlinear waves, particularly in shallower water depths. Improved boundary definitions of the full range of flow variables will undoubted improve the reproduction of extreme waves as well as applications involving such events i.e. survivability testing of WECs.
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Despite this, the NWT described in this work has been shown to accurately predict the run-up and pressure on the front face of a generic WEC hull geometry when fixed and subject to the 100 year wave event at the Wave Hub site. Furthermore, highly nonlinear phenomena including the secondary loading cycle, synonymous with the ringing of a vertical cylinder in steep non-breaking 625 waves, and the characteristic free-surface behaviour in the vicinity of the cylinder have been reproduced well.
With the extension to 6DOF motion, the NWT performs very well. For the interaction between the 100 year wave event and a simplified WEC, consisting a free-floating buoy and linear mooring, the motion of the buoy and load in the 630 mooring has been reproduced remarkably well. It is clear that the NWT needs to be carefully designed for each case to ensure potential reflections from the side walls of the computational domain do not effect the results. However, in the case of focused waves these reflections typically only affect the results after the point of interest (the focus event).
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In conclusion, the numerical tool presented here is able to provide a reliable reproduction of the fully nonlinear fluid dynamics associated with the interaction of extreme waves and WECs. This includes: the propagation of design waves, the free-surface behaviour around structures, the pressure on the structure's surface, the motion of floating structures and the loading in mooring lines.
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All of which are crucial in the assessment of WEC survivability. Therefore, the authors believe that numerical models, similar to the one presented here, can and should be used in the routine design of WECs in order to complement physical survival testing.
For guidelines and a more detailed discussion of the difficulties associated 645 with reliable simulations of wave structure interaction in OpenFOAM R , please refer to Ransley [20] .
